Objectives: To compare computed tomography (CT) with magnetic resonance imaging (MRI) for the presumptive diagnosis and localization of acute and subacute low-grade subarachnoid hemorrhage (SAH). Methods: We consecutively enrolled 45 patients clinically suspected of low-grade SAH, comparing them with a control group. We obtained axial nonenhanced CT scans as well as fluid-attenuated inversion recovery (FLAIR) and T2-weighted gradient echo (T2*) MRI sequences at 1.0 T. Two neuroradiologists scrutinized the presence of blood at 26 different regions in the intracranial subarachnoid space (SAS The clinical presentation of spontaneous SAH includes severe sudden headache (frequently described as Bthe worst headache of my life^), nuchal rigidity, photophobia, vomiting, retinal hemorrhage, diminished level of consciousness, focal neurologic signs, and a comatose state. Early diagnosis is important so as to initiate therapeutic procedures to avoid vasospasm, rebleeding, and hydrocephalus, improving patient prognosis.
S
ubarachnoid hemorrhage (SAH) is an important neurologic emergency, mainly in nontraumatic cases, with a catastrophic outcome if left untreated. 1 Trauma is the most common cause of SAH, and a ruptured aneurysm counts for most nontraumatic SAH. 2, 3 The clinical presentation of spontaneous SAH includes severe sudden headache (frequently described as Bthe worst headache of my life^), nuchal rigidity, photophobia, vomiting, retinal hemorrhage, diminished level of consciousness, focal neurologic signs, and a comatose state. Early diagnosis is important so as to initiate therapeutic procedures to avoid vasospasm, rebleeding, and hydrocephalus, improving patient prognosis. 1Y3 It is also important to distinguish SAH attributable to a ruptured aneurysm from benign thunderclap headache and other neurologic conditions that could simulate SAH based on clinical grounds. 1, 4, 6 Despite the widespread availability of neuroimaging equipment, misdiagnosis of SAH remains quite common. 1Y3 Thus, it is a potential cause of litigation and poor prognosis. 2, 4 Computed tomography (CT) has been the imaging procedure of choice in cases of suspected SAH. 2, 7 Currently, lumbar puncture is performed if the patient's history is suggestive of SAH and CT results are normal. The sensitivity of CT to SAH is more than 90% at the first day but falls off rapidly with time and approaches 0% at 3 weeks. 7, 8 Moreover, CT results are unreliable in cases of minor hemorrhage, mainly in the infratentorial compartment. 9 It has been assumed that those misdiagnosed patients with minor hemorrhage and good clinical conditions at presentation are more likely to deteriorate clinically and have a worse overall outcome, particularly because of the delay in diagnosis and subsequent catastrophic rebleeding from a ruptured aneurysm. 1, 3, 6, 10 Magnetic resonance imaging (MRI) shows high sensitivity and accuracy in the diagnosis of a wide variety of central nervous system diseases. It is accepted that T1-and T2-weighted sequences are limited and less informative for SAH than CT, however. Initially, Chakeres and Bryan 11 proved that CT has an imaging advantage, because highconcentration hemorrhage is clearly different from the normal brain, whereas concentrated acute SAH has relaxation times similar to normal brain and is nearly isointense on T1-and T2-weighted MRI sequences. Atlas 12 reviewed the literature in the early 1990s and concluded that MRI was not accurate in detecting SAH. After that, a few reports have demonstrated that MRI can detect SAH if fluid-attenuated inversion recovery (FLAIR) 13Y15 and T2-weighted gradient-echo (T2*) 16 images are used. The appropriate use of MRI to detect low-grade SAH remains controversial and needs further confirmation. Our aim is to compare the sensitivity of MRI (FLAIR and T2* sequences) with CT scans for the presumptive diagnosis and localization of acute and subacute low-grade SAH and to try to establish preliminary parameters for the interpretation of these techniques in this setting.
MATERIALS AND METHODS
From September 2002 to May 2003, we consecutively enrolled 45 patients with clinically suspected low-grade SAH, within the first 15 days of symptoms, at the Emergency Division of our institution. We initially divided these patients into 2 groups: traumatic and spontaneous SAH. The inclusion criteria for the traumatic SAH group were previously healthy individuals with head injury, a Glasgow Coma Scale score greater than 9, and clinically suspected SAH. The inclusion criteria for the spontaneous SAH group were severe headache that led to suspicion of SAH, with minimal clinical abnormalities (Hunt-Hess scale score G 3). The exclusion criteria for both groups were patients with deteriorating clinical conditions, patients suspected of meningeal affections, extensive SAH detected on nonenhanced CT scans, restriction to MRI examinations, and images with movement artifacts. Neither sedation nor anesthesia was performed in any of our patients.
Forty-five patients, 25 male (55.5%) and 20 female (44.5%), were included, given those criteria, with an age range from 1 to 80 years (mean = 39.5 years), and a Glasgow Coma Scale score range from 10 to 15 (mean = 14). Three (6.66%) of those patients were excluded because they had no signs of SAH on CT and MRI examinations, as confirmed by a negative result on lumbar puncture. Thus, we selected a group of 42 patients who had SAH as shown by symptoms and 1 imaging technique at a minimum.
Twenty-five of 42 (59.5%) patients were in the traumatic SAH group, and the remaining 17 (40.5%) patients were in the spontaneous group (15 with ruptured aneurysms, 1 with a right intracranial vertebral artery dissection, and 1 with thrombocytopenia attributable to chronic myelogenous leukemia).
We performed all examinations within 2 hours to 15 days after the ictus or trauma, and to avoid rebleeding effects in the spontaneous SAH group, we obtained the CT scans less than 2 hours after the MRI examinations. In 4 cases in which this was not possible, we obtained a second CT scan less than 2 hours after the MRI examination.
For statistical analysis, we divided the patients into an acute group (32 individuals scanned less than 4 days after the ictus or trauma) and a subacute group (10 individuals scanned within 4 to 15 days after these events). The control group consisted of 21 patients (11 women) with a mean age of 49.9 years (age range: 26Y70 years) and without clinically suspected SAH or other meningeal conditions.
We performed axial nonenhanced CT scans (20-cm field of view, 5-mm infratentorial thickness, 10-mm supratentorial thickness, and 320 Â 320 matrix) in all patients except the control group. Magnetic resonance imaging examinations at 1.0 T were performed in all patients. After 3 localizing scans in the axial, coronal, and sagittal planes, axial slices covering the whole brain were aligned with the bicommissural line. Imaging parameters were identical (24-cm field of view, 5-mm thickness, 0.3-mm gap, and 205 Â 512 matrix). Our protocol included axial FLAIR (repetition time=11,000 milliseconds, echo time = 140 milliseconds, inversion time = 2600 milliseconds) and T2* (repetition time = 615 milliseconds, echo time = 21 milliseconds, and 15-flip angle) sequences. The total scanning time was approximately 8 minutes for each patient. We routinely perform brain digital angiography in all patients with spontaneous SAH.
Informed consent was obtained from all subjects, and this protocol was approved by the Institutional Review Board. Appropriate clinical care was dispensed to subjects according to individual needs, and none of them demonstrated any clinical deterioration during their hospitalization.
Two experienced neuroradiologists (AJR, FTB), blinded to clinical data, analyzed CT and MRI examinations of each patient independently. The films were presented in random order (not sequential), without identification. Computed tomography and MRI studies were not presented together, and the presence of SAH was searched for separately, in a systematized analysis, in the following 26 locations: magna, prepontine, superior cerebellar, perimesencephalic, interpeduncular, suprasellar, and right and left cerebellopontine cisterns; cerebellar sulci; right and left tentorium; frontal, parietal, and occipital interhemispheric sulci; right and left frontal, parietal, temporal and occipital convexity sulci; right and left convexity sulci; and right and left Sylvian fissures.
We visually defined SAH based on high-attenuation areas on nonenhanced CT scans, regions of hyperintensity on FLAIR sequences, and regions of hypointensity on T2* sequences, located in the previously mentioned subarachnoid space (SAS). Disagreement between the 2 neuroradiologists was solved by consensus.
To compare the methods (FLAIR imaging, T2* imaging, and CT), the amount of SAH was graded according to a modified Fisher grade for vasospasm 17 as follows: 0 indicates no blood detected, 1 indicates uncertain appearance (probable artifact but unable to exclude small focal hemorrhage completely), 2 indicates diffuse deposition or thin vertical layers of blood less than 1 mm thick, and 3 indicates localized clots and/or vertical layers of blood 1 mm or greater in thickness. We defined low-grade SAH based on the previously mentioned clinical criteria and on the modified Fisher grade for vasospasm, which ranged from 0 to 3. Intraventricular hemorrhage (IVH) was classified as present or absent.
Sensitivity was measured by dividing the number of patients with SAH detected on FLAIR imaging, T2* imaging, or CT alone by the total number of patients with SAH.
As proposed by Mitchell et al, 16 an additional measure of the sensitivity of the imaging methods relative to each other is presented. The presence or absence of blood was recorded on all scans at the 26 previously mentioned locations. To assess the sensitivity of FLAIR imaging, T2* imaging, or CT, a location was assumed to contain blood if it was found to be positive on any of the MRI sequences or CT. The proportion of this total found to be positive using FLAIR imaging, T2* imaging, or CT alone was taken as a guide to the sensitivity of a particular imaging modality relative to the others. We referred to this additional measure as locational sensitivity.
We used nonparametric tests to evaluate different scores of sequences to compare related samples (Friedman test). To compare the methods with each other, we used multiple comparison (Conover) . The methods were compared by the McNemar test to detect ventricle hemorrhage, corresponding to a W 2 test of dependent samples (binare answer). 18Y20 The significance level was 0.05.
RESULTS
In the acute SAH group, the sensitivities according to the imaging modality were as follows: 100% for FLAIR imaging, 71.8% for CT, and 37.5% for T2* imaging; in the subacute group, they were as follows: 100% for FLAIR imaging, 50% for CT, and 30% for T2* imaging (Fig. 1) . Computed tomography had a considerable decrease in sensitivity in the subacute SAH group (Fig. 2) .
The locational sensitivities were also superior on FLAIR images, followed by CT and T2* sequences, respectively. Fluid-attenuated inversion recovery imaging was superior to CT in detecting SAH in 15 out of the 26 evaluated regions (Table 1 ; Fig. 3 ).
The modified Fisher scale used to compare the different methods demonstrated the superiority of the FLAIR images. The mean modified Fisher grades were as follows: 2.7 for FLAIR imaging, 2.1 for CT, and 1.8 for T2* imaging. Comparing FLAIR sequences with CT, the modified Fisher scale score increased in 21 patients, decreased in 6 patients (but did not exclude SAH), and was the same in 15 patients.
The mean of locations (total of 26 locations) in which SAH was detected in each sequence were as follows: 23.5 for FLAIR imaging, 12.9 for CT, and 3.5 for T2* imaging. Based on these data, the FLAIR sequence was superior in evaluating the extension of hemorrhage.
We demonstrated SAH on T2* images as areas of hypointensity in the SAS. The T2* sequence became useful in 15 (35.7%) patients with more extensive SAH, clot, or hemorrhage in the lateral ventricles, corroborating FLAIR findings (Table 2 ; Fig. 4) .
The sites of low-grade hemorrhage were more frequent in the SAS of the parietal and occipital lobes and in the convexity sulci (see Table 1 ). There was no misdiagnosis of SAH in the control group (no false-positive results).
DISCUSSION
We compare the sensitivity of FLAIR and T2* sequences with CT scans for the diagnosis and localization of acute and subacute low-grade SAH. Thus, it is presumed that SAH was diagnosed with 1 of the 3 methods for every patient. The lack of lumbar puncture procedures in our sample should be considered a limitation of our study. There was no point in performing cerebrospinal fluid (CSF) analysis in our patients, however, because all of them underwent CT and MRI examinations first, with the FLAIR sequence confirming the presumptive diagnosis of SAH in all except 3 individuals. Only these 3 patients underwent a lumbar FIGURE 1. Subarachnoid hemorrhage in a 52-year-old man 1 day after minor head trauma. A-C, Nonenhanced CT scans show SAH as a hyperattenuating area at the right tentorium (arrow in A) and effacement of right hemispheric sulci. Fluid-attenuated inversion recovery images also show a cortical contusion at the right temporal lobe (arrowhead in D), subdural parieto-occipital hematoma (arrow in E), and SAH as diffuse hyperintensity areas in the frontal and parietal sulci (E, F). All these findings were underestimated on T2* images (not shown).
puncture procedure according to clinical judgment, and as mentioned previously, none of them presented with SAH after CSF analysis (no false-negative results). We clearly demonstrated acute and subacute SAH as areas of hyperintensity on FLAIR sequences, with a sensitivity superior to that of CT and T2* sequences.
Traumatic SAH frequently occurs in patients with brain injury, but it is difficult to detect and grade based on CT scans. 21 Our traumatic SAH group included only individuals with minor head trauma, and our spontaneous SAH group included subjects with severe headache that led to a suspicion of SAH with minimal clinical abnormalities. Both of our groups proved to be useful models in vivo to test the discrepancy among imaging techniques in low-grade SAH, because these patients were previously healthy individuals with no history of coagulation disturbances.
The clinical hallmark of spontaneous SAH is a sudden explosive headache, but this is a nonspecific feature in the 22 Despite this, headache (Bsentinel headache^) or cranial nerve palsy may occur in an isolated manner at first, and low-grade SAH must be suspected and promptly excluded in all these individuals. 1, 4, 23, 24 A CT scan is mandatory in all such patients, to be followed by lumbar puncture if the CT results are negative. The cause of spontaneous SAH is a ruptured aneurysm in 85% of cases. 25 Approximately 20% to 50% of patients with a ruptured aneurysm have minor hemorrhage or a warning leak, often with atypical clinical features, 1 to 6 weeks before a major episode of SAH. 23 When aneurysmal rebleeding has occurred, patients are usually in a deteriorated condition and present with a worse prognosis. 1, 3, 9 Occlusion of the aneurysm is the only effective action to prevent an increase in the morbidity and mortality rates. 5 Patients with low-grade SAH, who are the most likely to receive an incorrect clinical diagnosis, are also more likely to have negative results on CT. 1 The appearance of SAH on CT relies on electron density in a tissue and depends on the attenuation values of the blood in the CSF spaces. 16 It is linearly related to hematocrit and hemoglobin levels. 26 Hyperacute hemorrhage (G2 hours after ictus) may not be seen, because fresh blood has the same electron density as brain and other soft tissues. With time, there is reabsorption of serum of the hematoma and an increase in hematocrit and electron densities from local packed cells, making acute SAH visible as hyperattenuating areas on nonenhanced CT scans. After this, CSF circulation redistributes the hemorrhage, and reabsorption of serum is followed by reabsorption of the protein component; consequently, the sensitivity of CT continuously declines. 16 We believe that CSF circulation and dilution effects of protein in CSF are the most important factors for missing a minor leak on CT scans.
Magnetic resonance imaging signal is based on proton density and depends on the difference in the T1 and T2 relaxation times between SAH, CSF, and brain parenchyma. 27 Magnetic resonance imaging field strength, sequence parameters, the specific intracranial compartment affected, and different stages of hemoglobin oxygenation and its products are the most important variables having profound effects on the MRI signal of intracranial hemorrhage.
Subarachnoid hemorrhage differs from intraparenchymal hemorrhage because of different levels of oxyhemoglobin in CSF, 28 mainly attributable to its arterial origin. 29 Subarachnoid hemorrhage is also different from other extraaxial hemorrhage because of its mixture with CSF and the slower progression from one stage of hemoglobin oxygenation to the next. 29 Grossman et al 30 reported that the high oxygen tension of CSF imposes restrictions on the formation of paramagnetic deoxyhemoglobin in SAH. The protein component in SAH produces high T2 signal, which is swamped by the high signal from CSF on T2-weighted images. 11, 30 It has been accepted that it is difficult to detect acute SAH with standard T1-and T2-weighted spin echo sequences and that these techniques are less informative than CT. 12, 31 Magnetic resonance imaging, including FLAIR and T2* sequences, offers an improvement in the detection of SAH, because FLAIR sequences evaluate an increase in CSF cellularity and protein content and T2* sequences evaluate Based on the first report of FLAIR by Hajnal et al, 32 several recent studies have suggested that this is the most sensitive MRI sequence for the detection of SAS involvement and for the demonstration of brain abnormalities, particularly those adjacent to CSF, 33Y35 and it has been used by some authors to reveal SAH. 13, 14, 27, 36 The existence of plasma protein within the SAS shortens the T1 relaxation time of bloody CSF, 27, 37, 38 leading to hyperintensity of the hemorrhage on FLAIR sequences, as opposed to the SAS hypointensity determined by signal suppression of free water by the inversion recovery technique. 6, 13, 14, 36 Heavy T2 weighting preferentially suppresses signal intensity from the brain parenchyma compared with bloody CSF, because the T2 relaxation time of some bloody CSF is longer than that of the brain parenchyma. 27 Because the FLAIR sequence is heavily T2 weighted, it allows the signal intensity from bloody CSF to exceed that of brain parenchyma. 27 Based on the previous explanations, this combination of the T1 and T2 effects of bloody CSF can be demonstrated on FLAIR images, explaining, at least in part, its superior sensitivity when compared with T2* and CT images.
Noguchi et al 27 have demonstrated that FLAIR imaging is more sensitive than CT in the detection of a small amount of acute SAH diluted in CSF. It has been proven that different protein concentration thresholds can affect CSF signal intensity on FLAIR sequences. 39 Recently, Mohamed et al 38 have suggested, in a comparison in vivo, that there would be a threshold of blood concentration in the SAS that would have to be exceeded for bloody CSF to become visible on FLAIR sequences.
In several instances, we detected SAH on CT, but FLAIR imaging was able to demonstrate blood not only in the same locations revealed on CT but in several others not previously suspected, allowing better assessment of the extent of hemorrhage, which is demonstrated by the increase in locational sensitivities. Comparing FLAIR imaging with CT, the modified Fisher scale score increased in 21 patients, decreased in 6 patients (but did not exclude SAH), and was the same in 15 patients.
We assume that the modified Fisher scale decreased in some cases because FLAIR imaging is more trustworthy than CT. Our results are in agreement with those of previous reports. 13, 15, 27, 40 These results diverge from those reported by Mitchell et al, 16 but different parameters used here limit a reliable comparison.
Sulcal and intraventricular CSF hyperintensity on FLAIR images may also be seen in conditions other than SAH, including ruptured dermoid, meningitis, meningeal metastasis, and disruption of the blood-brain barrier causing leakage of protein and gadolinium chelates in the SAS on postcontrast images. 34, 41, 43 These abnormalities can be differentiated from SAH based on clinical information, use of Intraventricular hemorrhage is also seen at the occipital horns (arrows in B). C, D, Fluid-attenuated inversion recovery show more extensive SAH and also demonstrates blood at the fourth ventricle (arrow in C), which is not shown on CT scans. E, F, T2-weighted gradient echo images were useful to confirm blood at the fourth and lateral ventricles as areas of hypointensity (arrows) but failed to demonstrate SAH at the temporal and occipital sulci.
gadolinium-enhanced acquisitions, and some other peculiarities of these conditions, however. Sulcal hyperintensity on FLAIR images is a nonspecific pattern that can occur even without any CSF abnormality. 44 This finding is particularly associated with vascular diseases such as stroke, venous thrombosis, dural arteriovenous fistula, and mass effect. A special condition is related to dural venous thrombosis and arteriovenous fistulae, where the increase of venous pressure presumably causes increased blood flow and an alteration in vascular hemodynamics with slow flow. This was reported by Taoka et al 44 in 2 different patients and could determine a special type of sulcal hyperintensity on FLAIR sequences and mild hypointensity on T2* sequences, suggesting an increase in local field inhomogeneity. This situation must be recognized to avoid SAH misdiagnosis.
Different mechanisms, including diffuse cerebral edema, may show increased attenuation in the perimesencephalic cisterns and along the tentorial surface resembling SAH on nonenhanced CT scans (pseudo-SAH). 45, 46 This is not a problem for any MRI sequence, however.
Cerebrospinal fluid flow and venous blood artifacts on FLAIR images demonstrated as areas of hyperintensity in basal cisterns and in the third and fourth ventricles when one uses high field strengths can produce IVH misdiagnosis in some instances. 31, 47, 48 We demonstrated that FLAIR imaging was superior to CT in detecting minor IVH, but this particular discussion is limited by the small number of IVHs in our sample. Intraventricular hemorrhage was not falsely diagnosed in any of the control subjects on FLAIR sequences. Our results agree with those reported by Bakshi et al, 48 who consider MRI studies, including FLAIR imaging, to be an effective and reliable technique in the detection of acute and subacute IVH and coexisting SAH.
Intraventricular CSF pulsation artifact on FLAIR sequences could represent a problem in the interpretation of this sequence. 31 This most likely results from inflow artifact caused by inversion delay and ghosting effects. It is common in adults and is associated with advancing age and increasing ventricular size. 47 Despite this, FLAIR sequences have shown high sensitivity and specificity in identifying IVH in lateral ventricles. 48 To study subacute hemorrhage, particularly in the third and fourth ventricles, Bakshi et al 48 recommend caution and acquisition of conventional MRI sequences to complement FLAIR sequences. In our sample, IVH was also conspicuously defined on T2* images and it helped to confirm these findings on FLAIR sequences. The small number of cases in our study hinders comparative analysis between T2* and FLAIR sequences, however. We believe that they should be used together.
Both iron forms (Fe 3+ and Fe 2+ ) are paramagnetic. The presence of these paramagnetic substances in the CSF leads to perturbation in the magnetic field, which becomes visible on MRI, particularly on T2* sequences, even in the acute stage of SAH. 16 Subarachnoid hemorrhage on T2* images was demonstrated as areas of hypointensity in the SAS but was only visible in cases of more extensive hemorrhage or clot because it depends predominantly on the amount of iron in a voxel.
In the infratentorial compartment, FLAIR imaging was superior to CT and T2* imaging in detecting abnormalities suggestive of SAH. Subarachnoid hemorrhage in the infratentorial compartment (including the basal cisterns) near the skull base was particularly difficult to see using T2*, probably because of susceptibility effects from the skull-base and lowgrade hemorrhage. Fiebach et al 5 have reported similar difficulties in interpreting T2* sequences. Noguchi et al 14 demonstrated better conspicuity on FLAIR sequences than on CT scans in the detection of infratentorial SAH, presumably because of beam-hardening artifacts on CT. In our sample, FLAIR imaging was superior, probably because of its capability to detect an increase in protein concentration and cellularity in the CSF without interference of paramagnetic substances or perturbation in local magnetic fields.
Neither sedation nor anesthesia was used in any of our patients. To avoid CSF hyperintensities in the SAS on FLAIR images, we routinely use 50% supplemental oxygen, allowing complete suppression of CSF signal in patients who need assisted ventilation, thus avoiding misdiagnosis. 49, 50 An interesting finding from our sample is related to the site of low-grade hemorrhage. It was more frequent in the SAS of the posterior lobes and in the convexity sulci, probably determined by gravitational effects related to bed restriction and recirculation of blood in CSF that carries it to convexity SAS.
FLAIR and T2* sequences did not demonstrate SAH in the control group or in the 3 patients with normal lumbar puncture results (no false-positive results). These sequences can be performed on standard MRI scanners, and they are able to supplement CT in the detection of low-grade SAH. According to Mitchell et al, 16 MRI is also useful to study patients presenting with atypical symptoms, where FLAIR and T2* imaging may be used as additional tests when CT and lumbar puncture give inconclusive or contradictory results. We consider that they also represent an option when CT is normal or inconclusive and lumbar puncture cannot be performed according to clinical judgment. We believe that these sequences are important tools to exclude differential diagnoses such as venous thrombosis, arterial dissection, and ruptured vascular malformation among others, allowing an adequate differential diagnosis for most SAH patients and avoiding unnecessary lumbar puncture procedures.
Imaging provides visual detection of SAS abnormalities, but CSF examination provides a quantitative analysis that measures the concentration of blood and estimates all SAS. Our study has several limitations, including the magnet field strength, absence of correlation with CSF analysis, and limited number of patients. We considered that a 1.0-T magnet could interfere with T2* imaging results.
FLAIR and T2* images do not allow us to discard lumbar puncture, and CT remains the imaging procedure of choice for the initial evaluation of patients clinically suspected of SAH. Currently, MRI is being used as a standard protocol for the initial investigation of acute stroke-like symptoms in several stroke centers around the world, and it is important to define precise parameters for the interpretation of MRI in the detection of intracranial hemorrhage.
